Abstract
Inhibitor of B kinase gamma (IKK␥) protein, a key component of the NF-B pathway

Inhibitor of B kinase (IKK) gamma (IKK␥), also commonly referred to as nuclear factor B (NF-B) essential modulator (NEMO), was first reported independently by four groups of investigators during the period 1998-1999 [1-4]. The discovery of IKK␥ followed the identification of IKK␣ and IKK␤ as two catalytic components of a high-molecular-weight complex (the IKK complex) involved in the inducible phosphorylation of the inhibitor of B (IB) proteins
. IB phosphorylation, which leads its degradative ubiquitination, is a key step in the activation of the [11] . Five [11] [12] [13] [14] . They are also important in the expression of proteins that are involved in anti-apoptotic processes, such as inhibitor of apoptosis (IAP) proteins, cellular FLICE inhibitory protein (c-FLIP) and Bcl-2 [13] . Furthermore, they are also involved in the expression of some proteins that play roles in development, such as Wnt10a and Notch1 [15, 16] . Therefore, the activation of the NF-B signalling pathway modulates the expression of genes whose protein products modulate inflammation, immune response, cell adhesion, cell survival and development.
NF-B proteins. The NF-B proteins normally exist sequestered in the cytoplasm and hence inactive due to their binding to the IB proteins. These proteins, once released from the IB proteins following the stimulus-induced degradation of the latter, form homodimers and heterodimers that function as transcription factors. The dimers bind to the consensus DNA sequence 5Ј-GGGGYNNCCY-3Ј, where Y is a pyrimidine and N is any nucleotide
different proteins have been identified as having NF-B activity: p50 (NF-B1), p52 (NF-B2), p65 (RelA), RelB and c-Rel. The NF-B proteins regulate the expression of a large number of cytokines and acute phase proteins such as tumour necrosis factor-␣ (TNF␣), IL-1, IL-2, IL-6, interferon ␥ (IFN␥) and C3 complement, thus playing various roles in immunity and inflammation, as well as the expression of cell adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)
The
NF-B pathway can be activated by a plethora of stimuli, such as TNF␣, IL-1, lipopolysaccharide (LPS), ultraviolet (UV) radiation, phorbol 12-myristate 13-acetate (PMA), ligation of the T cell receptor (TCR), double strand RNA, reactive oxygen intermediates and the human T-cell lymphotropic virus type 1 (HTLV-1)
Tax protein [11, 12, 17] . There [13, 17] . In this pathway, the stimuli trigger cytoplasmic signalling cascades that result in the activation of the IKK complex (Fig. 1) [19] . Triggering the TCR in a T cell line lacking IKK␥ failed to increase NF-B activity and IL-2 secretion demonstrating that IKK␥ is essential for TCR-mediated NF-B activation [20] . The [21, 23] . [4, 28] . In addition, Makris et al., using immunohistochemical assays, showed the expression of IKK␥ in the human epidermis [25] . A low level of expression of IKK␥ was reported in the stomach, small intestine, colon, trachea, bladder and uterus [28] .
are two pathways that lead to NF-B activation, namely the canonical or classical pathway and the non-canonical or alternative pathway. The canonical pathway is the major pathway for the activation of NF-B and is the route employed by most of the NF-B-inducing stimuli. It involves the induced degradation of IB proteins (mainly IB␣) and it requires both IKK␣ and IKK␤
Three groups of investigators have generated IKK␥-knockout mice and they have demonstrated that the complete loss of IKK␥ function is incompatible with life [25, 29, 30] . IKK␥-null male mice died in utero from severe liver damage due to apoptosis [25, 30] . Rudolph [25, 30] . Makris et al. reported that by day 9 after birth, 55% of the heterozygous female mice were dead, but by 1 month, the surviving female mice had recovered [25] . [30] . Also, according to Makris et al., IKK␥-deficient female mice examined at age of 9 days had very small spleens and thymuses associated with apoptotic changes [25] . [32] . Pasparakis [34] .
It appears that IKK␥ is particularly essential for the generation and/or survival of lymphocytes. Schmidt-Supprian et al. reported that chimeric mice generated from IKK␥-knockout embryonic stem (ES) cells did not have any ES cell-derived T and B lymphocytes, and suggested that IKK␥-null lymphocytes either do not develop or are counter-selected
In another study, Schmidt-Supprian et al. showed that T cell-specific ablation of IKK␥ in mice prevented the development of peripheral T cells, indicating that IKK␥ is essential for the generation and survival of mature T cells [31]. Evidence that IKK␥ is essential for T cell development and/or survival in human beings was provided by the very low number of naïve-phenotype T cells in a male child who had a markedly reduced expression of IKK␥ due to a 4.4-kb duplication within the IKK␥ gene
The domain structure of IKK␥ protein
Human IKK␥ is composed of 419 amino acid residues, whereas the murine IKK␥ has 412 amino acid residues [4, 24] . The number of amino acid residues in the bovine IKK␥ is 419 [35] . [36, 41] . This region has also been reported to be required for the stimulation of IKK␤ kinase activity [41] . According to Ye et [42] . [43] [44] [45] [46] [47] [48] [49] as the cause of incontinentia pigmenti [26] [53, 56, [60] [61] [62] [63] [64] . Also, a missense mutation (1259AϾG or X420W) at the stop codon that results in the addition of 27 novel amino acid residues has been associated with OL-EDA-ID, a novel syndrome related to HED-ID and for which there are two patients reported [26, 28] [54, 56, 59, 65] .
Mutations involving the zinc finger of IKK␥
Three categories of mutations affecting IKK␥ have been reported in human beings
. Those patients had osteopetrosis and lymphedema as well as the manifestations of HED-ID. In addition to exhibiting the features of ectodermal dysplasia, patients with HED-ID show immunologic abnormalities and as a result suffer from recurrent and sometimes disseminated infections caused by a variety of infectious organisms beginning in infancy. The reported infectious agents include: bacteria such as Staphylococcus, Streptococcus, Listeria, Klebsiella, Haemophilus and Pseudomonas species and atypical mycobacteria; viruses such as cytomegalovirus, Epstein-Barr virus, herpesvirus, varicella virus, molluscum contagiosum virus and human papilloma virus; fungi such as Candida albicans; protozoa such as Pneumocystis carini and Giardia lamblia [50, 53]. The affected organs include the skin, bones, meninges, intestines and lungs but the infections can also involve multiple organs. Most patients die during early childhood but a few cases have survived well into the second decade
The immunologic lesions of HED-ID are predominantly those of HIGM syndrome [53, 57] [54, 66] . Some of the mutations impair NF-B activation by certain stimuli, but not by others [57, 59, 67] [55] .
. The patients usually have hypogammaglobulinemia with high IgM, low IgG and low IgA levels, but this is highly variable and there are patients with normal IgM levels, normal IgG levels or high IgA levels. There may be a deficiency in the generation of antibodies to specific antigens. The numbers of T and B cells are usually normal but this is also variable. In some cases, the CD40-induced proliferation of B cells may be impaired. Some patients show a decrease in NK cell cytotoxicity
The roles of the zinc finger domain of IKK␥
The classic zinc finger is a structural motif that forms the DNA interacting domain of certain DNA-binding proteins. In the original zinc finger model, which was proposed for the protein TFIIIA and which consists of about 30 residues, two invariant pairs of cysteines and histidines (C2H2) constitute a tetrahedral coordination site for a zinc ion, and the amino acid residues
between these coordination sites protrude as a finger [68] . Subsequently, zinc finger domains with C2HC and C2C2 sites have been reported [69] . The number of potential zinc finger domains in proteins ranges from one to 30 [69] . Zinc finger proteins that bind to DNA usually contain two or more zinc finger motifs often arranged in tandem arrays [70] . Even though zinc finger proteins have been commonly recognized as DNA binding proteins, some zinc finger proteins have also been shown to bind to RNA or protein [69, 71] . [72] . A number of zinc finger proteins play key roles during development and mutations in some zinc finger proteins have been associated with human disease [73] .
Zinc finger proteins are abundant in the genomes of eukaryotes; in addition to their role in DNA recognition, they have been implicated to play roles in RNA packaging, in the regulation of apoptosis, in protein folding and assembly and in lipid binding
IKK␥ contains a single zinc finger domain which is located at its C-terminus and that has the C2HC zinc coordination site. A number of groups have examined the roles of the zinc finger domain of IKK␥ in cells derived from patients harbouring mutations in this region of the protein or in various cell lines transfected with the mutant forms of the protein (either zinc finger deletion mutants or reconstructions of mutations that have been found in patients). The lessons learned from those mutational and other in vitro studies regarding the roles of the zinc finger in the functions of IKK␥ are discussed below.
Activation of NF-B
The results of published studies that examined the effects of IKK␥ zinc finger mutations on NF-B activity are summarized in Table 2 . The need for an intact zinc finger domain appears to depend on the particular cell type and the nature of the stimulus. In dendritic cells, the zinc finger of IKK␥ appears to be required for NF-B activation by CD154 but not by LPS [74] . In monocytes, the zinc finger does not appear to be essential for NF-B activation by TNF␣ or LPS, but is needed for NF-B activation by CD154 [57] . However, in a human monocyte cell line that had an endogenous expression of IKK␥, overexpression of the C417R mutant IKK␥ inhibited NF-B activation in response to TNF␣ or LPS [75] . In B cells, according to studies reported by two groups, the zinc finger is essential for NF-B activation by CD154, LPS or IL-1␤ [67, 76] . [77] . In T cells, the zinc finger is required for the activation of NF-B by treatment with TNF␣ or PMA/ionomycin or following overexpression of TRAF2 or TRAF6 [75, 76, 78, 79] . [61] 
However, according to another report, in B cells, the zinc finger domain is not needed for the activation of NF-B by fast activators such as TNF␣ and LPS but is essential for the activation of NF-B by slow activators such as UV light and the topoisomerase inhibitor etoposide
Schmid et al. carried out experiments on lymphocytes obtained from a patient who harboured the E390fsX394 mutation that resulted in the loss of the zinc finger domain of IKK␥
